showed that the expression of LTP has a substantial presynaptic component and is associated with increased probability of neurotransmitter release. Consistent with a presynaptic locus for cortico-amygdala LTP, conditioned fear is also accompanied by the enhance- 
ratio was very similar in both pathways ( Figure 1E ; p ϭ 0.49). This is similar to the results of a previous study Therefore we compared the relative contribution of NMDA receptors to the EPSC (excitatory postsynaptic in which the AMPA/NMDA ratio calculated for cortical synapses was not significantly different from that at current) recorded at thalamic or cortical synapses by calculating an AMPAR/NMDAR ratio. Figures 1B and 2) . The currentvoltage (I-V) relation of the peak EPSC recorded over a As shown previously, LTP at the cortico-amygdada synapses depends on postsynaptic Ca 2ϩ influx through range of membrane potentials from Ϫ70mV to ϩ50mV in either pathway was linear and reversed near 0mV L-type Ca 2ϩ channels and NMDA receptors (Huang and Kandel, 1998; Tsvetkov et al., 2002) . To be able to com- (Figures 1B-1D ; also see Tsvetkov et al., 2002), and the EPSC was blocked by the ␣-amino-3-hydroxy-5-methylpare the mechanisms of LTP at the convergent thalamic and cortical inputs, we explored the requirements for 4-isoxazolepropionic acid (AMPA) glutamate receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, the induction of LTP in the thalamo-amygdala pathway under our experimental conditions. We induced LTP of 20 M). This confirms that the fast component of the To induce LTP, the LA neuron was held at a holding potential of ϩ30mV, and 80 presynaptic stimuli were delivered at 2 Hz. Insets show the average of ten EPSCs recorded before (1) and 30 min after (2) the pairing procedure (arrow). (B) Summary graph of the LTP experiments under control conditions (mean Ϯ SEM; n ϭ 11) and when 10 mM EGTA was included in the recording pipette solution (n ϭ 6). High EGTA had no effect on basal synaptic transmission but blocked LTP induction. The difference in the amount of LTP between these inputs in two experimental series, when one of the inputs ine were applied simultaneously, LTP was abolished (97% Ϯ 11%, n ϭ 10; Figures 2D-2F Release from the Intracellular Stores We first tested how these two inputs summed when they were simultaneously stimulated. The EPSCs were What are the cellular mechanisms that could be responsible for the lack of input specificity of LTP at two converfirst elicited in both inputs alternately, and then the inputs were activated simultaneously ( Figure 4A ). The regent auditory inputs to the LA? The spread of LTP to the unstimulated pathway could be secondary to the sulting combined EPSC was compared with the arithmetic sum of the individual EPSCs (Cash and Yuste, 1999 (Figures 6E-6H ; failure rate at Ϫ70mV was 60.7% Ϯ 4.5%, failure rate at ϩ50mV was 58.6% Ϯ 2.9%, nϭ 13; no significant difference, paired t test, p ϭ 0.48), suggesting that the fraction of silent synapses at thalamo-amygdala input might be small. This indicates that the recruitment of silent synapses to the heterosynaptic thalamo-amygdala pathway is unlikely to mediate the loss of input specificity of LTP in the LA.
"Spillover" of Glutamate from Homosynaptic Pathway Mediates Heterosynaptic LTP Alternatively, the observed loss of input specificity of synaptic modifications could be due to active recruitment of LTP mechanisms within the heterosynaptic pathway. Glutamate released by nerve terminals during synaptic activity is removed from the synaptic cleft through passive diffusion and active uptake by gluta- of glutamate steeply depend on temperature (Asztely et al., 1997), we tested input specificity of LTP in the LA at physiological temperatures (35ЊC-36ЊC). We found of the stimulating pulses did not result in postsynaptic responses (failures) at a negative membrane potential that the spread of the pairing-induced LTP to the unstimulated heterosynaptic input was absent under these (Figures 6A-6D ; average failure rate was 64.8% Ϯ 3.8%, n ϭ 14). When a postsynaptic cell was depolarized to conditions (Figure 7) , despite the fact that the normal magnitude LTP was observed in the homosynaptic paththalamic (paired) and 162% Ϯ 16% at cortical (heterosynaptic) inputs ( Figure 7E ; n ϭ 11, no significant differway, with an average homosynaptic LTP of the EPSC to 172% Ϯ 18% (n ϭ 9) and 185% Ϯ 22% (n ϭ 11) of the ence, p ϭ 0.41). DHK had no effect on baseline synaptic transmission, as we found in control experiments that baseline EPSC value in cortical ( Figure 7A ) or thalamic ( Figure 7D ) inputs, respectively. Thirty minutes after the 15 min after the beginning of DHK application, the cortico-amygdala EPSC was 101% Ϯ 5% (n ϭ 4) and the induction, the EPSC remained at 114% Ϯ 10% (n ϭ 9) and 122% Ϯ 14% (n ϭ 11) of the initial value at thalamo-amygdala EPSC was 103% Ϯ 7% (n ϭ 4) of their initial size. The magnitude of heterosynaptic LTP heterosynaptic thalamic ( Figure 7A ; not significantly different from the baseline amplitude, t test, p ϭ 0.26) and induced at 36ЊC under conditions of glutamate transporter inhibition was not significantly different from the cortical ( Figure 7D ; not significantly different from the baseline amplitude, p ϭ 0.2) inputs, respectively. values of heterosynaptic LTP at room temperature for both cortical (p ϭ 0.68) and thalamic (p ϭ 0.35) inputs.
If the loss of heterosynaptic LTP at physiological temperatures was indeed due to an increase in the efficiency
Additional support for the conclusion that spillover of glutamate from homosynaptic pathway during the LTPof glutamate transporters, then pharmacological inhibition of active glutamate uptake would reverse the effects inducing stimulation is responsible for the loss of input specificity at amygdala synapses comes from the experof temperature increase on LTP in the heterosynaptic inputs. Consistent with this prediction, we found that iments in which the clearance of glutamate at room temperature was enhanced by including in the bath soluin the presence of the glutamate uptake blocker DHK (dihydrokainate, 100 M), induction of LTP at 35ЊC-36ЊC tion an enzymatic glutamate scavenger, consisting of glutamic-pyruvic transaminase (5 U/mL) and pyruvate in the homosynaptic pathway was accompanied by a similar potentiation at heterosynaptic inputs (Figures 7B (2 mM), as previously described (Min et al., 1998). This enzymatic system rapidly converts glutamate to ␣-ketoand 7E). Thirty minutes after the induction, average values of the EPSC amplitude were 195% Ϯ 26% of the glutarate, which leads to the decrease of glutamate levels in the extrasynaptic environment. In our experiments, baseline level at cortical (paired) and 161% Ϯ 18% at thalamic (heterosynaptic) inputs ( Figure 7B ; n ϭ 7, no heterosynaptic LTP at room temperature, when the clearance of synaptically released glutamate is comprosignificant difference, p ϭ 0.31), and 191% Ϯ 29% at mised, was attenuated in the presence of glutamate concentration of the Ca 2ϩ chelator EGTA (10 mM) in the scavenger (Figures 7C and 7F) , thus restoring the input recording pipette solution. The NMDA receptor-medispecificity of synaptic modifications. Under these condiated cortico-amygdala EPSC declined in the course of tions, the magnitude of homosynaptic LTP was 168% Ϯ such repetitive presynaptic stimulation due to block of 15% (n ϭ 12) and 165% Ϯ 19% (n ϭ 11) of the baseline NMDA receptor channels by MK-801 ( Figure 8A ). When value in cortical ( Figure 7C) and thalamic (Figure 7F) test stimulation (once every 10 s) of the heterosynaptic inputs, respectively. The EPSC remained at 129% Ϯ thalamo-amygdala pathway was resumed immediately 17% (n ϭ 12) and 118% Ϯ 11% (n ϭ 11) of the initial value after the 2 Hz stimulation period delivered to the homoat heterosynaptic thalamic ( Figure 7C ; not significantly synaptic cortico-amygdala pathway, we observed a sigdifferent from the baseline EPSC amplitude, t test, p ϭ nificant occlusion of the first NMDA response at the 0.15) and cortical ( Figure 7F ; not significantly different heterosynaptic sites, as compared to the NMDAR from the baseline EPSC amplitude, p ϭ 0.26) inputs, EPSCs recorded under baseline conditions ( Figure 8A ). respectively. The effect of the scavenger was specifiThis effect was temperature dependent, as it was obcally linked to its ability to eliminate glutamate, because served at room temperature (23ЊC), but not at 36ЊC, glutamic-pyruvic transaminase did not prevent LTP in when glutamate transporters function more efficiently heterosynaptic sites when applied without pyruvate.
( Figures 8B-8D) . The amplitude of the first heterosynapThus, in the presence of glutamic-pyruvic transaminase tic NMDAR EPSC recorded after 2 Hz stimulation of the alone, the EPSC was potentiated to 177% Ϯ 17% of the homosynaptic pathway was reduced by 25.5% Ϯ 4.1% baseline EPSC value in homosynaptic cortical input. In and by 8.7% Ϯ 5.9% at 23Њ (n ϭ 8) and 36Њ (n ϭ 6), same experiments, the EPSC recorded in the heterorespectively (significant difference, t test, p Ͻ 0.03). synaptic thalamo-amygdala pathway was potentiated
The occlusion of the NMDA responses at heterosynto 169% Ϯ 16% (n ϭ 3; not different from homosynaptic aptic sites, resulting from stimulation of the homosyn-LTP, p ϭ 0.8). When homosynaptic LTP was induced at aptic input, was frequency dependent, as it was not the thalamo-amygdala synapses (189% Ϯ 20%), identiobserved when homosynaptic inputs were stimulated cal potentiation was observed in heterosynaptic cortical with a frequency of 0.1 Hz ( Figure 8D ). Under these input (174% Ϯ 11%, n ϭ3; not different from homoconditions, the amplitude of the first heterosynaptic synaptic LTP, p ϭ 0.7).
NMDAR EPSC remained virtually unchanged by lowWe also addressed a question whether postinduction frequency (0.1 Hz) stimulation of the homosynaptic pathchanges in free glutamate can influence the expression way. The EPSC was only reduced by 6.2% Ϯ 3% and of LTP. Thus we tested the effects of an enzymatic by 6.8% Ϯ 3% at 23Њ (n ϭ 5) and 36Њ (n ϭ 5), respectively glutamate scavenger (see above) on heterosynaptic LTP (no significant difference, t test, p ϭ 0.84). in the thalamo-amygdala pathway at room temperature, These results are consistent with and further strengthen when the scavenger was added to the bath solution the view that glutamate diffusing from the frequently 5 min after LTP was induced. Under these conditions, stimulated synapses, when glutamate transporters are 30 min after the pairing procedure, the EPSC at homodownregulated, can activate NMDA receptors at the hetsynaptic cortical input was potentiated to 175.6% Ϯ erosynaptic sites, thus accounting for the loss of input 14.4% (n ϭ 5; not different from homosynaptic corticospecificity of LTP. amygdala LTP without scavenger, p ϭ 0.7). This was accompanied by a similar potentiation in the heteroDiscussion synaptic thalamo-amygdala pathway, with LTP of the EPSC to 167.2% Ϯ 11.8% (n ϭ 5; not different from Our results demonstrate that LTP in the neural pathways homosynaptic LTP, p ϭ 0.65), suggesting that changes of auditory fear conditioning loses its input specificity in free glutamate have no effect either on homo-or when the clearance of synaptically released glutamate heterosynaptic LTP after it was induced. is delayed. LTP in both homo-and heterosynaptic pathTo obtain more direct evidence that diffusion of glutaways requires synaptically released glutamate and demate from homosynaptic pathway leads to activation of pends on activation of NMDA glutamate receptors and NMDA receptors in heterosynaptic sites, we performed L-type calcium channels, indicating that LTP at both the cross-inhibition experiments using the MK-801 proconvergent inputs has identical induction mechanisms. tocol (Carter and Regehr, 2000) . NMDA receptor EPSCs
The spread of LTP to the heterosynaptic (unstimulated) were recorded in both thalamic and cortical pathways pathway at room temperature is mediated by glutamate in the presence of CNQX (20 M), to block AMPA recepdiffusing from stimulated synapses, since it is abolished tors, at a holding potential of ϩ50mV. 
